Background Gastric ''crawling-type'' adenocarcinoma (CRA) is a tumor histologically characterized by irregularly fused glands with low-grade cellular atypia that tends to spread laterally in the mucosa. To date, the expression characteristics of the key molecules involved in CRA, including receptor tyrosine kinases (RTKs), mismatch repair (MMR) proteins, phosphatase and tensin homolog (PTEN), as well as the Epstein-Barr virus (EBV) status, have yet to be uncovered. Methods We constructed tissue microarrays of 94 CRAs, 72 conventional-type differentiated adenocarcinomas (CDAs), and 71 intramucosal poorly cohesive adenocarcinomas (PCAs) from early gastric cancers to evaluate and compare the pathological and expression profiles of potential key molecules for molecular classification (EBV; four MMR proteins-MLH1, MSH2, PMS2, and MSH6; three RTKs-HER2, MET, and EGFR; PTEN; and p53).
Introduction
Crawling-type adenocarcinoma (CRA) is a rare variant of gastric cancer (GC) that is characterized by low-grade nuclear atypia and irregularly fused glands [1, 2] . The characteristic histological details are as follows: (1) cytologically low-grade or extremely well-differentiated tumor cells resembling intestinal metaplasia; (2) growth in architecturally tortuous, branching, anastomosing, distending, abortive and spiky patterns with glandular outgrowth; and (3) topographically, tumor glands distributed predominantly in the middle third of the stomach with occasional signet-ring cells [2] . In prior literature, the distinguishing architectural features were referred to as a ''shaking-hands structure,'' ''WHYX pattern,'' and ''crawling type'' [1, 3, 4] . Because the neoplastic cells of CRA show minimal cellular atypia with extension into epithelial proliferative zone but with sparing of the mucosal surface, making an accurate diagnosis has been a great challenge, especially on biopsy specimens. As a result, this type is often misdiagnosed as indeterminate for neoplasia or as reactive intestinal metaplasia [2] . The borders of intramucosal CRA are frequently poorly defined because of lack of contrast from the surrounding nonneoplastic mucosa. This feature of CRA often results in the failure of complete resection after an endoscopic submucosal dissection (ESD) [5] .
Some authors described CRA as extremely well-differentiated intestinal type [5, 6] or very well differentiated gastric adenocarcinoma of intestinal type [2] , which emphasizes the bland nuclear features. However, the bland cytological features of CRA and this nomenclature might be misinterpreted, leading to an underestimation of its malignancy potential. Okamoto et al. [1] noted the frequent presence of a poorly cohesive component within the submucosal layer in the case of a submucosal invasive CRA. The authors therefore suggested that CRA possesses a more aggressive biological behavior than previously thought. Thus, the true biological behavior of CRA still remains to be elucidated. However, the rarity of this variant, which comprises only 1.9 % of early GC, makes it difficult to evaluate its behavioral, clinicopathological, and molecular characteristics [2] .
Recently, the cancer genome atlas (TCGA) project reported four molecular subtypes of GC based on comprehensive genomic, epigenomic, and transcriptomic analyses [7] . Unsupervised clustering of the data divided GC into four groups: (1) GC with Epstein-Barr virus (EBV) positivity in which DNA methylation, mutation of PIK3CA, and amplification of PD-L1 were frequently observed; (2) GC with microsatellite instability (MSI), characterized by silencing of mismatch-repair (MMR) genes, such as MLH1, and elevated mutation rates; (3) GC with chromosomal instability (CIN), which showed marked aneuploidy, amplifications of receptor tyrosine kinases (RTKs), including HER2, EGFR, FGFR, MET, ERBB3, and frequent TP53 mutations; and (4) GC with genomic stability (GS), demonstrating an increased prevalence of the diffuse type, mutations of RHOA, or translocation of the RHO family of genes.
In this study, we first evaluated the clinicopathological features of CRA using a large series of CRA cohort. To clarify the molecular characteristics of CRA, we selected potential key molecules that might be expected to be enable to classify CRA into one of the four molecular subtypes reported by the TCGA. These key proteins and molecules were EBV, MMR proteins, several RTKs, including HER2, EGFR and MET, PTEN, and a CIN group-related protein, p53. We then obtained the results using immunohistochemistry (IHC) and in situ hybridization (ISH) methods, which are clinically feasible assay platforms.
Materials and methods

Patients and tissue collection
We selected 94 cases of CRAs, which were obtained from either surgical resections (n = 5) or endoscopic submucosal dissections (n = 89) performed from 2008 to 2015. All cases met the histological criteria, as previously proposed [2, 4, 8] . The criteria that we used were a tumor composed of neoplastic epithelium with low-grade nuclear atypia with differentiation toward metaplastic intestinaltype cells. Architecturally, glandular structures were typically tortuous, branching, or anastomosing, and resemble the shapes of the letters W, H, Y, or X on low-power view. The neoplastic glands were usually sparsely distributed and lacked back-to-back gathering. IHC was performed in all cases as previously described [14] .
Evaluation of IHC
HER2 staining was analyzed according to the system used in the TOGA trial and categorized using the following scale: 0 (no reactivity or membranous staining in \5 cells), 1? (faint/barely perceptible membrane staining in C5 cells), 2? (weak to moderate complete or basolateral membrane staining in C5 cells) and 3? (moderate to strong complete or basolateral membrane staining in C5 cells) [9] . In this study, we regarded the TMA cores as biopsies rather than resection specimens. To assess the expression levels of MET and EGFR, we compared their intensities with that of non-neoplastic epithelial cells and scored them as: 0 (negative), 1? (weaker or the same as non-neoplastic epithelial cells), 2? (moderately stronger than non-neoplastic epithelial cells, 3? (markedly stronger than nonneoplastic epithelial cells). For HER2, EGFR, and MET expression, cases scoring 2? or more were defined as overexpression cases. For MMR proteins (MLH1, MSH2, PMS2, and MSH6), no nuclear staining in all the neoplastic cells was designated as a loss of expression, whereas normal expression was defined as the presence of nuclear expression in tumor cells, irrespective of the proportion or intensity. In terms of PTEN evaluation, histology (H) scores were applied as follows according to nuclear or cytoplasmic staining: 0 (negative), 1? (weak), 2? (moderate), and 3? (strong). The percentage of cells at different staining intensities was determined by visual assessment, with the score calculated using the formula 1 9 (% of 1? cells) ? 2 9 (% of 2? cells) ? 3 9 (% of 3? cells). Samples were then classified as either showing a loss of (H-score \100) or intact (C100) PTEN expression [10] . In regard to p53 protein expression, the nuclear staining was taken into account, and it was scored as follows: (1) wildtype pattern, in which the tumor showed patchy (B50 % of tumor cells) and weak positivity, and (2) mutant pattern, in which the tumor showed diffuse and strong nuclear positivity ([50 % of tumor cells) or complete loss of expression [11] . All IHC results were accessed by two independent pathologists (H.K.K. and H.Y.W.) blinded to each other and with no prior knowledge of the clinicopathological parameters.
Silver in situ hybridization (SISH)
HER2 SISH was performed on the Ventana Discovery XT system (Ventana), according to the manufacturer's protocols. The HER2 DNA probe (Ventana) was denatured at 95°C for 12 min and hybridized at 52°C for 2 h. The CEP17 probe (Ventana) was denatured at 95°C for 12 min and hybridized at 44°C for 2 h. To visualize the HER2 probes, the slides were incubated with secondary antibodies conjugated with horseradish peroxidase (HRP), followed by HRP-catalyzed silver precipitation (black dots). For visualization of the CEP17 probes, a rabbit anti-DNP primary antibody was detected by a secondary antibody conjugated with alkaline phosphatase, and a naphthol/fast red stain was subsequently applied. The sections were then counterstained with hematoxylin II (modified Mayer hematoxylin) and a bluing reagent (Ventana). Silver in situ hybridization (SISH) scoring was performed by counting the signals of 60 non-overlapping nuclei with clearly distinguishable borders, after which the mean gene copy number and HER2/CEP17 ratio were calculated by dividing the sum of the gene copy number by 60. HER2 amplification was defined as a HER2/CEP17 ratio greater than 2.0 [9, 12] .
Statistical analysis
The clinical and pathological data were analyzed with IBM SPSS version 20.0 (IBM, Armonk, NY, USA). Pearson's chi-square test, Fisher's exact test, and independent twosample t test were applied in the statistical analyses. Statistical significance was defined as p \ 0.05.
Results
Clinicopathological features of CRA
The clinicopathological features of the CRA cases in comparison with the CDA and PCA groups are summarized in Table 1 . Compared to CDAs, CRAs occurred more frequently in younger patients (57.3 ± 9.7 years vs. 66.2 ± 7.9 years, mean ± SD, p \ 0.001). The tumor sizes ranged from 0.1 to 8.4 cm. CRAs were larger in size than CDAs (1.9 ± 1.3 cm vs. 1.5 ± 0.9 cm, mean ± SD, p = 0.019). The lateral resection margins were involved in 19 (11.4 %, 15 CDAs and 4 CRAs) cases, and CRAs were more frequently associated with incomplete resection (16.9 % vs. 5.6 %, p = 0.047) than CDAs in ESD cases. There was no significant difference in tumor location or invasion depth between the two groups. PCAs occurred more often in women in comparison to CDAs (54.9 % vs. 38.3 %, p = 0.041). Otherwise, the other clinicopathological features of CRAs were close to PCAs.
Expression profile of CRA
Representative IHC and EBER-ISH results of the key molecules of CRA and CDA groups are shown in Fig. 1 . The comparisons of the expression profiles of the key molecules of the three groups are summarized in Table 2 . Of the total of 237 cases, none of the cases was positive on EBER-ISH analysis. Additionally, none of the CRAs and PCAs showed a loss of expression for any of the MMR proteins, whereas 4 of 72 (5.6 %) CDA cases revealed the loss of MMR protein expression (p = 0.036); 3 showed loss of both MLH1 and PMS2, and in 1 case MSH2 and MSH6 were absent.
All CRAs and PCAs showed either negativity (79 cases, 89.8 %, and 62 cases, 87.3 %, respectively) or weak positivity (9 cases, 10.2 %, and 9 cases, 12.7 %, respectively) for HER2. On the other hand, 9 CDA cases (12.5 %) demonstrated HER2 overexpression (2? in 5 cases, 6.9 %; 3? in four cases, 5.6 %) (p = 0.001). Of these 9 cases, 8 (88.9 %) showed HER2 gene amplification on SISH analysis (Fig. 2) . HER2 was not amplified in any of the cases with a negative or 1? score on IHC. MET overexpression was observed in only 4 (4.4 %, all 2?) of CRA and 2 (2.8 %, all 2?) of PCA group, whereas it was found in 14 Either diffuse and strong positive or complete loss of p53 expression was observed in 12.4 % (11/89) of CRA group (diffuse and strong in 3 and complete loss in 8 cases) and 8.5 % (6/71) of PCAs (diffuse and strong in 3 and 
Discussion
CRA was first described as a neoplasm ''mimicking intestinal metaplasia,'' by Endoh et al. [4] , and later Yao et al. reported 9 additional cases of ''extremely welldifferentiated adenocarcinoma'' [6] . Okamoto et al. reported 25 cases of CRA with emphasis on the presence of poorly differentiated component in the submucosa where the tumor invaded [1] . Kushima et al. hypothesized that CRAs should be regarded as a ''prediffuse type,'' despite their bland cytology and the presence of tubular components in the intramucosal layer [3] . Subsequently, Ushiku et al. presented a more detailed description of the histological, clinical, and immunohistochemical characteristics of 21 cases of ''very well-differentiated gastric adenocarcinoma of intestinal type'' [2] . They performed immunohistochemical stains for intestinal and gastric mucin markers and suggested that those with mixed immunophenotype behaved more aggressively, with a higher likelihood of dedifferentiating into a poorly cohesive carcinoma. During an endoscopic examination, CRA appears as an ill-defined mass with indistinct borders, which may be the result of the ''crawl'' of tumor glands into the epithelial proliferative zone under a preserved foveolar epithelium [1] . This problematic feature results in the higher rates of incomplete resection, especially along the lateral margins [5] .
In this study, we collected a large series of CRA (n = 94), CDA (n = 72), and PCA (n = 71) cases with the aim of clarifying the unique clinicopathological and molecular features of CRA based on IHC and SISH data. On clinicopathological comparison, we found a relationship between the CRA group and younger patient age, confirming the findings of a previous report [5] . CRA tumors were also larger in size at the time of resection compared to CDA tumors, which again may be explained by ''crawling'' behavior of this type combined with the difficulty of making the diagnosis. As we expected, CRA was associated with the higher rates of incomplete resection (16 % vs. 5.6 % for CRA and CDA, respectively), which is concordant with the previous reports [5] . The expression profiles of CRAs for EBV, MMR proteins, RTKs, PTEN, and p53 were close to a null phenotype, in comparison to CDA cases. This null phenotype of CRAs was similar with that of PCAs (Fig. 3) . All cases in those three groups were negative in EBER-ISH analyses. It is possible that the poorly differentiated histology frequently seen in EBV-positive GC would have excluded these cases from enrollment in our study. None of the CRA cases was classified as MMR deficient. In this study, we did not perform genetic analysis for microsatellite instability (MSI); therefore, there may be discrepancies between the MMR protein results determined by IHC analysis and the MSI status. Nonetheless, several studies have reported a high concordance rate between the data from IHC evaluation for MMR proteins and the MSI status. In colon cancer, the concordance rate was as high as 98.6 % [13] . We also recently validated the high sensitivity and specificity of the IHC approach for MSI detection in GC [14] . Thus, we believe that the IHC-obtained MMR protein results faithfully reflected the MSI status. We also evaluated the TP53 status via the IHC method in this study. In ovarian cancer, the p53 IHC result in cases showing complete loss or strong and diffuse expression in more than 60 % of tumor cells was highly correlated with a TP53 mutation status [11, 15, 16] . Because the half-life of wildtype p53 protein is short (about 20 min), the protein normally does not accumulate to be detectable by IHC analysis. However, the half-life of the mutant p53 protein is extended, thus allowing it to accumulate and be detectable by IHC method [15, 16] . None of the CRA cases showed HER2 overexpression or loss of PTEN. In addition, other immunophenotypic changes, such as MET overexpression and demonstration of a mutant p53 pattern, were significantly less commonly observed in CRA, compared to CDA. The expression patterns of HER2 and p53 of CRAs were consistent with the findings by Yao et al. [6] .
Among the four molecular groups described in the TCGA data, the GS type had the strongest association with diffuse-type histology, a younger age of onset, CDH1 mutations, and the lack of other key molecular alterations, including amplifications of HER2, EGFR, FGER2, MET, and KRAS and mutations of PIK3CA and TP53 [7] . Additionally, a considerable proportion of GS cancers harbor alterations in RHOA and ROCK1 gene expression. The modulation of RHOA and its downstream effectors, ROCK1 and mDIA, may contribute to the lack of cell cohesion seen in the diffuse histological pattern [7, 17, 18] . GCs carrying the RHOA mutation have been reported to show a characteristically mixed histology with mucosal tubular tumor glands and poorly cohesive components in deeper areas [18] . The mixed histological feature of CRA that was described in studies published by Kushima et al. [3] and Okamoto et al. [1] was the basis for the hypothesis suggesting that CRA progresses into a diffuse-type GC, even though this type has a well-differentiated component in the mucosal area [1, 3] . Moreover, the null immunophenotype of CRAs and its resemblance to the molecular profiles of the PCA group implies CRAs may fall into the GS subtype of TCGA. Therefore, we hypothesized that CRA might be classified as a GS subtype of TCGA, given the younger age of onset, MMR proficiency, and lack of RTKs amplification and EBV negativity. A more comprehensive genomic analysis is needed to supplement our data.
In conclusion, CRA has a unique clinicomorphological and molecular phenotypic profile. According to our data, Fig. 3 Integrated expression profile of the key molecules. The expression profile of the key molecules in crawling-type adenocarcinoma (CRA), which shows a null phenotype for the molecules, is clearly different from those of conventional differentiated adenocarcinoma (CDA) and is more similar to those of poorly cohesive adenocarcinoma (PCA) all or the majority of CRA cases showed no association with MMR protein deficiency, overexpression of RTKs, loss of PTEN, or mutant p53 pattern. We believe that our findings provide further supporting evidence for the findings published by Kushima et al. [3] and Okamoto et al. [1] , that CRA be considered as a distinct entity and possibly an early stage of diffuse-type GC.
